Our study described a synthesis of thiol-capped high-luminescent (quantum yield as high as 80%) CdTe quantum dots (QDs) with a facile method in aqueous phase. The fluorescence of the as-prepared CdTe QDs could be tuned from 500 nm to 650 nm. More importantly, after -actin conjugation, the CdTe QDs were successfully conjugated with live cells to observe their configurations, demonstrating their potentially broad application as biolabels. The crystal structure, morphology and optical property of the products were investigated by X-ray diffraction (XRD), high resolution transmission electron microscopy (HRTEM) and fluorescence spectrophotometer.
INTRODUCTION
It has been paid more attention to semiconductor QDs due to their outstanding properties for potential applications in optoelectronics, [1] [2] [3] photoluminescent and electroluminescent devices, [4] [5] [6] [7] [8] and even biolabeling. [9] [10] [11] [12] [13] CdTe QDs, as a typical biological labeling material, is a hotspot in vitro and in vivo imaging in recent years. Several research groups reported their latest progresses in this aspect. [14] [15] Among the most popular synthesis routes, metal-organic precursor method has no doubt become a relatively successful route since Murray's invention. 16 But surface functionalizing is prerequisite for biological applications because of the hydrophobic surface of QDs prepared in organic medium by this method. Besides, the surface functionalizing may greatly decrease the luminescence quantum yields (QYs), interrupt the stability and even increase the actual size. Therefore, more and more researchers are shedding light on the direct aqueous synthesis of semiconductor QDs. Typically, thiol-capped QDs could be prepared directly in aqueous solution with thiols as stabilizers. [17] [18] [19] [20] In a typical synthesis, H 2 Te gas can be used for the synthesis of CdTe QDs as well as other tellurides, such as HgTe [21] [22] and ZnTe. 23 As an alternative, NaHTe, obtained by reduction of Te powder with NaBH 4 , is also adopted. However, the above two Te sources used in the typical aqueous approach are highly reactive. So it is necessary to exclude oxygen by nitrogen during the whole reacting * Author to whom correspondence should be addressed.
procedure. This may need more sophisticated apparatuses, or their applications are totally forbidden. Herein, we present an in situ synthesis of high-luminescent CdTe QDs with air-stable Na 2 TeO 3 as Te source without the protection of nitrogen. And the highest quantum yield of our synthesized CdTe QDs is as high as 80%, which is much higher than that reported in the literature (40-60%). 24 
EXPERIMENTAL DETAILS

Synthesis of Thiol-Capped CdTe QDs
To prove the feasibility of our synthesizing method, two thiol-containing reagents were adopted as examples. In a typical synthesis, 0.3 ml thioglycolic acid (TGA) or appropriate amount of gluthione (GSH) was dissolved into 115 ml water. After stirring for 5 minutes, 0.537 g CdCl 2 · 2 5H 2 O was added in and the solution became turbid. And then, after adding 1.25 g NaBH 4 the solution became transparent again. Ten minutes later, the reacting vessel was transferred to a 95 C oil bath. When the temperature of the solution reached 95 C, 10 ml 0.1 M Na 2 TeO 3 solution was dripped in gradually. Aliquots of the reaction mixture were taken at 2 h (CdTe530), 6 h (CdTe560) and 24 h (CdTe590) respectively. 95 with high pure water. 0.5 g/mL -actin (1:1000) was added to above solution to conjugate with CdTe530 QDs at 37 C for 30 min for staining application. The mouse fibroblast cells were cultured and then treated with purified -actin-conjugated CdTe530 QDs. After 30 min of incubation at 37 C, the residual QDs were removed and the stained cells was observed with an OLYMPUS RX71 fluorescence microscope.
-Actin Conjugation and Cell Imaging
Characterization
Absorption spectra were collected at room temperature on a TU-1800 spectrophotometer using 1.0 cm quartz cuvette. Fluorescence experiments were performed with a HITACHI F-4500 fluorescence spectrophotometer. X-ray diffraction (XRD) analysis was carried out on a Bruker D8 Advance X-ray diffractometer. HRTEM image was taken with the PHILIPS TechnaiU-TWIN electron microscope operating at 200 kV. Particle size distribution of CdTe530 QDs was performed on a DAWN HELEOS dynamic light scattering instrument. The fluorescence images of stained cells were obtained with a Nikon TE2000-S fluorescence microscope. The energy dispersive spectroscopy (EDS) elemental analysis of CdTe530 QDs was examined through a HITACHI S-4800 field emission scanning electron microscope and a HORIBA EMAX Energy EX-350 energy dispersive X-ray micro analyzer.
RESULTS AND DISCUSSION
Crystal Structure and Particle Size Analysis
Powder X-ray diffraction pattern of GSH-capped CdTe nanocrystals is shown in Figure 1 . The QDs belong to the cubic (zinc blende) structure, which is also the dominant crystal of bulk CdTe. The stick spectrums for bulk zinc-blended CdTe (solid line) and CdS (dashed) are provided for comparison purpose. It can be seen from the main diffraction peak of CdTe QDs that its position in the presence of GSH is intermediate between the values of the cubic CdTe and the cubic CdS phase. With reaction time prolonging in the aqueous colloidal solutions of CdTe nanocrystals, an excess of thiols pretend to partial hydrolysis and to the incorporation of the sulfur from the thios molecules into the growing nanoparticles. So, mixed CdTeS QDs are formed under these conditions and this was conformed by EDX analysis.
The diffraction peaks of XRD broaden as a result of the fine size of CdTe nanocrystals and this provides us a tool to estimate the diameters of QDs. The mean crystallite diameter calculated by Scherrer formula 25 using the (111) reflection at 25.0 (2 is 3.5 nm, which is consistent with HRTEM observation. All the other samples show the similar XRD patterns except for a little difference in peaks intensities (not shown). A typical CdTe nanocrystal was selected for magnification (inset), which clearly shows the lattice fringe and also confirms its well-crystallization. The calculated distance of interplanes is ∼0.24 nm, which is close to the (220) lattice spacing of zinc-blende CdTe (0.227 nm). Particle size distribution of CdTe530 nanocrystals was determined in aqueous solution by dynamic light scattering (Fig. 2) . As indicated, the particle size centers at 3.6 nm with a narrow distribution between 3.4 nm and 3.8 nm. With respect to the diameter determined by HRTEM image, the results were in accordance. Figure 3 shows typical absorption and room temperature photoluminescence (PL) spectra of a size series of CdTe QDs. The inserted photograph displays three different light-emitting TGA-capped QDs (green: CdTe530, yellow: CdTe560, and red: CdTe590) under 365 nm ultraviolet (UV) irradiation, indicating a wavelength-tunable emission. All the three samples show a well-resolved absorption peak of the first electronic transition indicating a sufficiently narrow size distribution of the CdTe QDs, which shifts to the longer wavelengths with increasing size of the nanocrystals as a consequence of the quantum confinement. The PL emission peaks are located to the absorption thresholds at 530 nm, 560 nm, and 590 nm respectively and are sufficiently narrow (full width at halfmaximum, FWHM, as low as 35 nm).
Optical Properties
Thiol-capped CdTe QDs could be prepared directly in traditional aqueous synthesis, but low QYs of 1-10% were typically obtained. 26 After post-preparative treatments, the QYs of CdTe nanocrystals can be up to 40%. The optimized condition makes it possible to gain strongly emitting (QYs up to 60%) CdTe QDs without any postpreparative treatments. 24 The room-temperature PL QYs of CdTe QDs was estimated following the procedure as depicted by Demas et al. 27 by comparison with Rhodamine 6G in ethanol assuming its PL QYs as 95%. 28 Here, using GSH as a capping ligand, we prepared GSHcapped CdTe QDs, the maximal QYs (as high as 80% at room temperature) as shown in Figure 3 . The reasons for such a high quantum yield may firstly be attributed to well crystallization of CdTe QDs. In the synthesis, TeO 2− 3 was firstly reduced to Te 2− by NaBH 4 in solution. Then, the newly-formed Te 2− reacted immediately with Cd 2+ -GSH complexes to produce highly reactive CdTe-GSH clusters. After that, the in-situ-generated CdTe-GSH clusters began to nucleate and grew into nearly defectfree CdTe QDs. Furthermore, it is noteworthy that the highly-reductive NaBH 4 played an important role especially in the nucleation process. In 1940s, LaMer and his colleague proposed the concept of "burst nucleation", 29 which demonstrated that in the nucleation process many nuclei are generated at the same time, and then these nuclei start to grow without additional nucleation. In our synthesis, highly-reactive NaBH 4 can reduct a great amount of TeO 2− 3 into Te 2− simultaneously. The abundant Te 2− and existent Cd 2+ -GSH complexes combined to generate large numbers of CdTe nuclei. That is mentioned above "burst nucleation", which is a prerequisite to aquire monodisperse nanocrystals. So the monodispersed spherical CdTe QDs may be another factor for high-luminescence and narrow FWHM of PL peak. Lastly, the composition of assynthesized QDs was analyzed using EDX instrument (not shown here), which was also supported by XRD pattern. The result showed that there existed excessive S element. It is proper for there is certainly S element existing in ligand GSH. This may be resonable to speculate that Cd 2+ -GSH as a CdS single molecule layer covered the CdTe QDs and the formed core-shell-like structure decrease the surface defect greatly. Accordingly, our synthesized GSHCdTe QDs displayed prominent luminescence.
To inspire the reasons of a so high luminiscence of GSH-CdTe, the molar ratio of GSH to Cd 2+ was investigated in our experiments. We found that the ratio of GSH to Cd 2+ played a negligible role in the enhancement of PL QYs as shown in Figure 4 . This result is contrary to the typical literature, 24 which indicated that decreasing the thiol/Cd ratio leads to a drastic increase of the PL quantum efficiency of the CdTe nanocrystals. However, in our experiments no matter what the thiol/Cd ratio is (1.5, 2.0 and 2.5), the QYs of the CdTe QDs increased gradually with reacting time and reached the maximum (about 80%) after about 10 h. This is interesting and draws our attention greatly. With reaction time increasing, the QYs of CdTe QDs rised at first and decreased after 10 h. Moreover, when deposited in room temperature, the QYs decreased with temporal dependence. The aggregation of QDs may be responsible for that due to decreased excitation. For semiconductor nanocrystals, the band gap is an important parameter for electron transportation. As the size decreases, the band gap of a material may broaden, due to quantum confinement effect, with respect to its bulk and the absorbance peak would shift to a shorter wavelength. So, Sapra and Sarma 30 put forward an equation that can be used to estimate the sizes of various II-VI semiconductor nanocrystals by the shifts of absorbance edges. The calculated particle size of CdTe530 QDs by the equation, about 3.2 nm, is in excellent agreement with that estimated by HRTEM picture.
Bioapplication
It is important to note that the chemical and photochemical stability of CdTe QDs produced by this method can be maintained for at least six months under ambient conditions and be good for biological conjugation even without any post-preparative treatment. To demonstrate the benefits of their bio-conjugation ability for bioimaging application, TGA-capped CdTe530 QDs was employed in cell staining. Figure 5 presents the PL images of mouse fibroblast cells labeled with CdTe530 QDs. Each GSH molecule contained one amino group and two carboxylate groups. Both the amino and carboxylate groups on the surface of GSH-CdTe QDs could be conjugated with bioprobes such as -actin. After removing the excess -biotin, purified biotin-GSHCdTe530 QDs were used to label the mouse fibroblast cells. It is also noteworthy that the small CdTe530 QDs (∼4 nm) could penetrate the cellular matrix easily and bind to organelles, staining these regions green after only 30 min incubation.
CONCLUSION
In summary, we synthesized high quality (QYs ca. 80%) CdTe QDs without the protection of inert gas by a facile one-pot aqueous synthesis method. The simplicity of this approach provides us a novel route to synthesize other semiconductor nanocrystals such as CdSe, ZnSe and ZnTe. Biolabelling experiment of TGA-CdTe QDs showed its well biocompatibility. CdTe QDs will appear to be the next hot spot in biological imaging after surface functionalization to eliminate the cytotoxicity of heavy metal Cd.
